Coltman and Slate (2003) recently performed a meta-analysis on studies that investigated the association between genetic variation at microsatellite loci and phenotypic trait variation. One factor not explicitly addressed in their meta-analysis is the actual estimation of genome-wide heterozygosity via molecular markers. Many authors still associate marker-estimated heterozygosity with genome-wide heterozygosity, despite allozyme-based evidence that such correlations are usually very weak or nonexistent. Here, we show that genome-wide heterozygosity is poorly estimated not only by allozymes but also by microsatellite loci and by single-nucleotide polymorphisms (SNPs). Thus, associations between fitness (or other phenotypes) and heterozygosity should be established firmly on causative factors and not on simple correlations.
Correlations between evolutionary fitness and zygosity at marker loci have been documented in a wide variety of organisms (Coltman and Slate 2003) . In general, the idea of a heterozygote advantage (i.e., overdominance) has received considerable support (Mitton 1997) . Specifically, heterozygosityfitness correlations fall into one of three primary categories (David 1998; Hansson and Westerberg 2002) : (1) the ''direct effect'' hypothesis claims that a heterozygote advantage is specifically due to the assayed loci (e.g., enzyme polymorphisms); (2) the ''local effect'' hypothesis claims that marker loci are closely linked to fitness loci; and (3) the ''general effect'' hypothesis claims that a heterozygote advantage is conveyed not by the scored loci (or tightly linked loci) but by genome-wide effects. Here, the primary focus is on heterozygosity-fitness correlations (HFCs) due to the general effect-that is, genomic zygosity.
The mean level of individual heterozygosity across all loci in the genome is a parameter, H, that can be estimated with a suite of molecular markers. For example, heterozygosity can be measured at each of 20 allozymes, and the mean heterozygosity across these 20 loci can be represented as h. Molecular markers can be used to search for genomic heterozygosityfitness correlations (HFCs) if h provides a robust estimate of H.
Genomic (i.e., genome-wide) HFCs are often reported in the literature, and this is somewhat surprising-not necessarily because heterozygosity and fitness are unrelated, but because of known problems in estimating H using only a few molecular markers. Twenty-five years ago, Mitton and Pierce (1980) used computer simulations to show that correlations between H and individual heterozygosity as estimated by molecular markers (h) are generally quite low. Shortly thereafter, Chakraborty (1981) provided an analytical formula to calculate the expected correlation between the parameter H and statistic h; he too found that genome-wide heterozygosity is poorly estimated using a suite of , 20 independent loci.
Although the original work of Mitton and Pierce (1980) and Chakraborty (1981) was based on conventional protein markers such as allozymes, their results are applicable to all kinds of molecular markers. Assuming mutation-drift equilibrium, Chakraborty (1981) showed that the expected correlation (designated q) between H and h can be calculated as:
where n is the number of loci in the genome, r is the number of markers assayed, and h is the average heterozygosity of the markers assayed. How does the correlation q respond to changes in h and/or r ? Clearly, these variables differ with regard to assorted marker systems. Below, we compare microsatellites and single-nucleotide polymorphisms to allozymes.
Mean heterozygosity in vertebrates is an order of magnitude higher at microsatellite loci than at allozyme loci (DeWoody and Avise 2000). Unfortunately, correlations between H and h actually decline slightly as heterozygosity increases ( Figure 1 ). For example, a sample of 20 homozygous markers (i.e., mean h ¼ 0.0) from a genome consisting of 50,000 genes produces an expected correlation between H and h of 0.0245, whereas 20 heterozygous markers (i.e., mean h ¼ 1.0) produce an expected correlation of 0.0200 (Chakraborty 1981) . This means that, on average, 20 allozyme markers will give marginally better estimates of H than will 20 microsatellite markers. Thus, genome-wide HFCs may be slightly stronger (albeit still generally tenuous) in allozyme studies than in microsatellite studies.
In theory, the correlation (q) between h and H depends on n, r, and h; but in practice, q is determined primarily by effort (r/n). It can be shown analytically that q is a decreasing function of heterozygosity; q is largest when h ¼ 0 and smallest when h ¼ 1 (Figure 1 ). That is, the minimal correlation between h and H occurs when h ¼ 1:
When n is reasonably large (as for most vertebrate genomes), the ratio r/n approximates (r ÿ 1)/(n ÿ 1). Thus, the maximum expected correlation when h ¼ 0 can be expressed strictly as a function of effort (r/n):
When r/n is small, the correlation can be approximated closely with just the first-order term (i.e., effort); and thus irregardless of heterozygosity, q remains tightly constrained by effort: ffiffiffiffiffiffiffiffi r n r q ffiffiffiffiffiffiffiffiffiffiffi 3 2 r n r : Heterozygosity (h) and effort (r/n) differ not only between allozymes and microsatellites, but also with regard to singlenucleotide polymorphisms (SNPs). SNPs are potentially attractive for correlating heterozygosity with fitness because their average heterozygosity is quite low, while effort is high relative to allozymes and microsatellites. SNPs are usually biallelic, and the allele frequencies typically are skewed so that one allele is rare (''minor'') and one (''major'') common (Glaubitz et al. 2003; Marth et al. 2001) . Minor allele frequencies often range from 0.01 to 0.20; and thus, expected heterozygosity under Hardy-Weinberg equilibrium conditions ranges from about 2% to 32%. This is significantly lower than expected heterozygosity at a typical microsatellite locus but roughly equivalent to allozyme loci. However, for the purpose of heterozygosity-fitness association studies, the main advantage to SNPs is the number of loci that can be genotyped.
SNPs now can be assayed at hundreds or even thousands of loci in model organisms (Kwok 2001 ). This could, in principle, make SNPs very attractive, because the correlation between H and h is dictated primarily by the proportion of loci sampled. Unfortunately for empiricists, Figure 2 shows that the correlation between h and H is weak when the r/n ratio falls below 0.1 and becomes even more tenuous when the r/n ratio drops below 0.01. This means that for a genome with ;30,000 genes (as in humans), a herculean survey of 3,000 markers will produce a modest correlation of less than 0.40. More realistic surveys of a few dozen markers in organisms with similar genome sizes results in correlation coefficients , 0.05 (Figure 2) . Figure 1 . The expected correlation coefficient (q) as a function of effort (r/n) when the estimated heterozygosity h ¼ 0.0, 0.5, and 1.0. The correlation parameter q is between the parameter H (true heterozygosity averaged across all loci in the genome) and the statistic h (estimated heterozygosity averaged across all loci surveyed). Clearly, q is primarily determined by the ratio of r (the number of markers assayed) to n (the number of loci in the genome), whereas h has relatively little influence on q. The exact relationship between q, r, n, and h is given by Equation 1, but here we use the general approximation (r ÿ 1)/(n ÿ 1) ' r/n to express q strictly as a function of the ratio r/n and h. Note that the correlation coefficient is 1.0 when the r/n ratio is 1.0. Figure 2 . The relationship between marker-estimated heterozygosity (h) and the correlation coefficient q for biologically realistic ratios of r/n. For example, a sample of 30 independent loci from a genome consisting of 30,000 genes gives an r/n ratio of 0.001.
Given the weak correlations between h and true genomewide H, how then can we explain HFCs generated from molecular markers? Widespread reporting of genomic HFCs is due in part to publication bias (see Coltman and Slate 2003) . In truth, most researchers have reported ''hfCs,'' correlations between marker-estimated heterozygosity (h) and some correlate of fitness ( f ) (Figure 3 ). In terms of the three different hypotheses considered by Hansson and Westerberg (2002) , the ''direct effect'' and the ''local effect'' rely on correlations between h and the statistic f or the parameter F (overall fitness), whereas the ''general effect'' relies on correlations between H and f or F. In terms of Figure 3 , the null hypothesis for a direct or local effect would be that q 2 or 5 ¼ 0, whereas the null for the general effect hypothesis would be that q 4 or 6 ¼ 0.
Empirical correlations may be reasonable under the ''direct effect'' hypothesis for protein-coding or SNP loci, but they are much less tenable for microsatellites or other neutral markers. The ''local effect'' hypothesis, however, is plausible for any marker system-but its advocates face the burden of ruling out the unpalatable possibility of spurious correlation. (Avoiding spurious correlations is not impossible, but this requires a rigorous experimental design incorporating many markers of various types and, often, an accurate pedigree; see Hansson et al. (2004) for an exceptional example of a ''local effect''.) The ''general effect'' hypothesis is supported only when ''hfCs'' accurately represent ''HFCs''.
Given the poor correlation between h and H, the sampled correlation (r 2 ) between h and f must be very strong to detect a significant population-level correlation (q 4 ) between H and F. If we assume, for simplicity's sake, that the statistic f accurately represents the parameter F, and yet we account for the poor correlation between h and H, then the sample correlation between H and f can be estimated as r 6 ' r 2 q 1 (see Appendix). The situation deteriorates rapidly as we further extrapolate to sample correlations between genome-wide heterozygosity (H) and overall fitness (F). We are left to conclude that most published ''HFCs'' are in truth ''hfCs'' and that the discrepancy between the two is largely due to the difference between marker-based heterozygosity and genome-wide heterozygosity.
In summary, our ability to detect significant heterozygosityfitness correlations is constrained by our ability to estimate genome-wide heterozygosity. This is unlikely to change until we can develop high-density genetic maps that reflect recombination rates and subsequently select markers based on their genomic distribution (e.g., haplotype blocks; see Wall and Pritchard [2003] ). For those who work on nonmodel organisms, the prospects for estimating individual genomic heterozygosity with a few randomly distributed molecular markers remain bleak.
Thus, r 2 must be weighted by q 1 in order to reflect genomewide heterozygosity.
